Naturally fauna-free crossbred rams approximately 5 mo old, 49.3 -+ 1.88 kg live weight, were allotted to four groups. Two groups remained fauna-free, whereas the other two groups were faunated. A diet based on corn silage-soybean meal containing either a low or a high Cu concentration (7 or 15 /ag/g dry matter) was fed ad libitum to the two groups for 197 d. The rams were killed at the end of the experiment and livers and ruminal contents were analyzed for Cu. Faunated sheep grew faster (P < .01) and as a group consumed 1.53 kg diet dry matter daily compared with 1.34 for the fauna-free sheep. Faunated sheep had lower final liver Cu concentrations (P < .01), total liver Cu per unit of Cu intake and ruminal Cu solubilities (P < .01) when fed both low and high Cu diets. The relative hepatic Cu uptake was higher by rams fed the low Cu than by those fed the high Cu diet. The results are interpreted to show that fannation decreased the availability of Cu in sheep fed a corn silage-soybean meal diet. The magnitude of the effect was independent of the Cu concentration in the diet.
Introduction
Copper is a nutrient essential to the animal for physiological functions. It is well documented that Cu deficiency may be caused either by inadequate dietary Cu or by reduced availability of ingested Cu. However, excess Cu results in accumulation of Cu in the liver, with consequent Cu toxicity.
It was suggested (Dick et al., 1975; Ward, 1978) that, in the rumen, Cu interacts with S, resulting in the formation of insoluble CuS, which is excreted in the feces without the Cu being metabolized by the animal. The solubility of Cu in the ruminal and abomasal digesta decreases with increasing dietary supplements of casein (Ivan and Veira, 1981) , a protein almost completely degraded in the rumen (Hume, 1974) . Furthermore, the flow of dietary amino acids into the duodenum of sheep decreases as the population of ciliate protozoa in the rumen increases (Veira et al., 1984) .
It was postulated that ciliate protozoa increase production of sulfide in the rumen through the metabolism of S-containing amino acids, resulting in more Cu being bound to the sulfide (Ivan et al., 1986) . Thus, the Cu becomes unavailable for absorption and utilization. Absence of ruminal ciliate protozoa in sheep fed a diet containing 10 to 14 /ag Cu/g dry matter (DM) was responsible.for an outbreak of Cu toxicity (Ivan et al., 1986) . Although the toxicity due to absence of protozoa was associated with higher liver Cu concentrations, the effects on ruminal Cu solubility have not been measured directly. In addition, it is not known if the effect of protozoa on the availability of Cu is dependent on dietary Cu concentration. The present experiment was designed to gain this information. (Heaney et al., 1981) . Eights rams with the highest (four) and lowest (four) Cu concentration in the liver were eliminated. The remaining 32 rams (49.3 + 1.88 kg live weight)were assigned, according to live weight, to four groups of eight animals each. The 2 • 2 factorial arrangement of treatments included the following four groups of rams 1) fauna-free, low Cu (FF-LC), 2) fauna-free, high Cu (FF-HC), 3) faunated, low Cu (FD-LC) and 4) faunated, high Cu (FD-HC). Each ram in the FD-LC and FD-HC groups was dosed with 250 ml ruminal fluid taken from two donor wethers that had a mixed ciliate population. Treatment groups 1 and 2 remained fauna-free throughout the experiment. Each group was housed in a separate room and group-fed ad libitum amounts of one of two experimental diets containing either a low or high concentration of Cu (Table  1) .
The rams were weighed individually and a blood sample was taken each month. Records of total feed intake were kept for each group during the experiment, which lasted 197 d. All rams were killed at the end of the experiment, and livers and rumens were removed. The livers were weighed and sampled, and the samples were lyophilized. Ruminal contents were removed from each rumen, weighed, mixed and sampled. Three samples were obtained from ruminal contents of each ram. One sample was lyophilized and used for determination of the total amount of Cu in the contents. The second sample was squeezed through two layers of cheesecloth, the solids in the cheesecloth were discarded, and the ruminal fluid was used for counting of ciliate protozoa (Veira et al. 1983 ). Protozoa were not found in the fauna-free groups, whereas a protozoa population was found in each faunated ram (from 7 x 10 s to 16 x 10 s protozoa/ml ruminal fluid). The third sample was weighed and squeezed through two layers of cheesecloth. The ruminal fluid was collected quantitatively. The solids in the cheesecloth were lyophilized and the dry weight subtracted from the weight of the sample of ruminal contents. The difference was considered as the amount of ruminal fluid in the sample. A sample of the ruminal fluid collected was centrifuged at 80,000 • g for 30 rain, and the supernatant cell-free fraction was separated quantitatively. Both the lyophilized ruminal contents and cell-free fraction were anlyzed for Cu, and the solubility was calculated as follows:
Cu solubility (%) = Cu in the cell-free fraction x 100 Cu in the ruminal contents Item 
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The analysis of Cu in samples of lyophilized feed, liver and ruminal contents was by an atomic absorption spectrophotometer 3 after digestion in nitric and perchloric acids. Samples of blood plasma and cell-free fraction of ruminal fluid (centrifuged 80,000 x g, 30 min) were aspirated directly into the spectrophotometer after appropriate dilution with deionized water. Hemoglobin and hematocrit in blood samples were measured according to methods of AOAC (1980) . Analysis of variance was used to test the statistical significance of differences between treatment means and the interaction (Table 2) .
Results
Weight Gain and Feed Intake. The faunated rams fed both low and high Cu diets (FD-LC and FD-HC) grew faster (P < .01) and as a group consumed more feed and showed better feed conversion efficiency than the fauna-free rams in groups FF-LC and FF-HC (Table 3) .
Copper Distribution and Solubility in the Rumen. The amounts of Cu in the ruminal
contents at the time of killing, Cu in the cell-free fraction of luminal fluid, Cu solubility and ruminal pH are given in Table 4 . The solubility, expressed as percentage in the cell-free liquid fraction of the total Cu in the ruminal contents, was higher (P < .01) in the FF-LC and FF-HC rams than in the FD-LC and FD-HC rams. However, there was no effect (P > .05) of dietary Cu concentration on ruminal Cu solubility. The average ruminal pH was not different (P > .05) between treatments, but there was a higher pH variation within the two fau na-free gr ou p s.
Blood. The plasma Cu, blood hemoglobin and hematocrit concentrations were higher (P < .01) in the fauna-free groups than in faunated groups of rams (Table 5 ). However, there was no significant effect of dietary Cu concentration or Cu x protozoa interaction (Table 2) .
Liver Copper. Initial Cu concentration in the liver was between 416 and 449/ag/g DM (Table  6 ). Final concentration was higher (P < .01) in fauna-free than in faunated rams for both the low Cu and the high Cu diets. Overall, liver Cu was higher (P < .01) in rams fed the high Cu than the low Cu diet, but there was no signifi-3 Model 460, Perkin-Ehmer, Norwalk, CT. Table 6 ). The effects of both dietary Cu and protozoa were statistically significant, but the Cu x protozoa interaction was not (Table 2 ). The increase in liver Cu concentration by the fauna-free over faunated rams was 8.8-fold and 1.7-fold for the low and high Cu diets, respectively (Table 6 ). The total amount of Cu in livers per gram of Cu intake over the experiment was apparently higher in the fauna-free than in faunated rams for both the low Cu and high Cu diets (Table  7) . However, it was comparatively lower for rams fed the high Cu diet than for the corresponding rams fed the low Cu dict. The proportional liver Cu increase in the fauna-free compared with faunated rams was 3"2.3 and 37.1% for the low and high Cu diet, respectively. However, there was a proportional decrease in liver retention of dietary Cu by 19.6 and 22.3% for the fauna-free and faunated groups, respectively, in rams fed the high Cu diet compared with rams fed the low Cu diet.
Discussion
The faunated rams on low or high Cu diet grew faster, and, as a group, ate more feed and utilized it more efficiendy than did the faunafree rams. This agrees with most reports reviewed by Veira (1986) . However, in spite of more feed and, conscquendy, more Cu apparently consumed, the faunated sheep accumulated less Cu in the liver than the fauna-free rams. This is in agreement with our previous results (Ivan et al., 1986) .
On both low and high Cu diets, the faunated rams showed lower Cu concentration in the cell-free soluble fraction and lower ruminal Cu solubility than the fauna-free rams. The plasma Cu and blood hemoglobin and hematocrit also Item asix monthly samplings were used to calculate an average concentration per ram. bcommon standard error of means from analysis of variance.
were lower in the faunated than in the fauna-free rams. It appears that there was higher Cu absorption, resulting in higher liver Cu uptake and accumulation in the fauna-free than in the faunated rams. By inoculating fauna-free rams with a mixed population of ciliate protozoa, Veira et al. (1984) found decreased flow of amino acids into the duodenum with the increasing protozoa population in the rumen. The increased wool growth, a sensitive index of dietary protein quantity and quality, was attributed to the defaunation of the sheep and indicated increased absorption of S-containing amino acids in the absence of protozoa (Bird et al., 1979; Bird and Leng, 1984) . In addition, Ivan and Veira (1981) found decreased solubility of Cu in 1) the rumen when it contained a normal microbial population, and in 2) the abomasal digesta flowing into the duodenum of sheep fed casein, a protein almost completely degradable in the rumen (Hume, 1974) . Although soluble proteins are degraded primarily by bacteria, protozoa contribute to the degradation of insoluble, particulate proteins (Hino and Russell, 1987) .
It was suggested previously (Ivan et al., 1986 ) that the lower availability of Cu in the faunated rams, compared with fauna-free rams, was the product of increased interaction between Cu and S in the rumen of faunated rams, due to more S being released into the rumen from protozoa-degraded proteins. This is supported by our present results and by the work of Suttle (1974) . However, Nederbragt et al. (1984) suggested that Cu is bound by S 2-to form the insoluble Cu 2S rather than CuS in the reducing ruminal environment, and that the microorganisms are the possible site of the Cu-S interaction. They further suggested that it is not likely that lack of S 2-production in the rumen is responsible for increased accumulation of Cu in the liver of fauna-free sheep. More work is required to determine the mechanism through which the ciliate protozoa act on the availability of Cu in the ruminant animal.
The total amount of Cu (mg) in the liver at the end of the present experiment, per gram of dietary Cu intake over the entire experiment, was 32 and 37% higher in the fauna-free rams for the low and high Cu diets, respectively. acomparison between the fauna-free and faunated groups of rams within the low Cu and high Cu diets.
Item
bcomparison between the low and high Cu diets within the fauna-free and faunated group of rams.
These increases in the availability of Cu due to the absence of protozoa were somewhat lower than the 37 to 50% reported previously (Ivan et al., 1986) . However, the values indicated that the effect of protozoa on the availability of Cu in the relatively low and high Cu diets was quite similar and probably independent of dietary Cu concentration.
The comparison of Cu availability between diets showed 20 and 22%, in the fauna-free and faunated rams, respectively, lower availability for the high Cu than for the low Cu diet. In addition, over the duration of the experiment, the increase in liver Cu concentration in the fauna-free compared with the faunated rams was about nine-fold for the low Cu diet but only about twofold for the high Cu diet. Therefore, it is evident that the efficiency of Cu utilization was lower for the high Cu than for low Cu diet. This is in agreement with Woolliams et al. (1983) , who reported a curvilinear relationship between hepatic and dietary Cu over a low range of dietary Cu intake (4 to 29 pg/g DM) and suggested a saturation of the absorptive mechanism or an increase in endogenous Cu loss in the bile as liver Cu concentrations were increased.
